Intrinsic flexibility of DNA has hampered the development of efficient proteinÀDNA docking methods. In this study we extend HADDOCK (High Ambiguity Driven DOCKing) [C. Dominguez, R. Boelens and A. M. J. J. Bonvin (2003) J. Am. Chem. Soc. 125, 1731-1737] to explicitly deal with DNA flexibility. HADDOCK uses non-structural experimental data to drive the docking during a rigid-body energy minimization, and semi-flexible and water refinement stages. The latter allow for flexibility of all DNA nucleotides and the residues of the protein at the predicted interface. We evaluated our approach on the monomeric repressorÀDNA complexes formed by bacteriophage 434 Cro, the Escherichia coli Lac headpiece and bacteriophage P22 Arc. Starting from unbound proteins and canonical B-DNA we correctly predict the correct spatial disposition of the complexes and the specific conformation of the DNA in the published complexes. This information is subsequently used to generate a library of prebent and twisted DNA structures that served as input for a second docking round. The resulting top ranking solutions exhibit high similarity to the published complexes in terms of root mean square deviations, intermolecular contacts and DNA conformation. Our two-stage docking method is thus able to successfully predict proteinÀDNA complexes from unbound constituents using nonstructural experimental data to drive the docking.
INTRODUCTION
Computational docking has proven to be a valuable tool in the study of biomolecular complexes (1, 2) . In particular, the field of 'ab initio' proteinÀprotein docking has made considerable progress as illustrated by recent results from the community-wide CAPRI experiment [critical assessment of predicted interactions (3, 4) ]. However, where this field has in many ways matured, the development of docking methods to model proteinÀDNA interactions has lagged behind. These play an important role in recognition and gene expression (5) . Powerful proteinÀDNA docking methods would thus be of great benefit for their study. However, two particular problems have hampered the development of efficient docking methods: the sparsity of the information to define the DNA-binding interface and the inherent flexibility of DNA. For proteinÀprotein docking there is often enough information available (e.g. from sequence, conservation or biological knowledge) to identify the interaction surfaces of the docking partners. This information can be used to drive the docking (6) and limit the conformational space to be searched. Identification of the interaction surface on DNA is less straightforward than on proteins. There is still no general recognition code and the global conformation of the DNA can play an important role in modulating the eventual interaction surface (7) . DNA indeed often exhibits large conformational changes upon binding to a protein, which can greatly alter the shape of the interaction surface. Owing to this, the total conformational space that needs to be searched in order to find favourable conformations becomes even larger. Flexibility in DNA can be separated into global and local components (8) . Global flexibility is constrained to two primary motions: bending and twisting. It results from a combination of conformational changes in the flexible base pairs and sugar-phosphate backbone. Allowing for global and local flexibility in DNA during docking while maintaining the relevant conformation is a major challenge in proteinÀDNA docking.
In the last few years several methods have been developed to solve one or both of these problems, each with varying degrees of success. The program FTDOCK (9) has been used to perform a large search through conformational space by rotating and translating the protein along the DNA while evaluating shape and electrostatic complementarity; an approximation of flexibility was achieved by allowing some degree of overlap between protein and DNA in the scoring. In another approach, a library of pre-bent DNA structures was used to minimize the search through DNA conformational space (10); a selection was made based on structures that could be electrostatically preorientated in the potential of the protein and these were rotated and translated with respect to the protein. To account for some degree of local *To whom correspondence may be addressed. Tel: +31 30 2533859; Fax: +31 30 2537623; Email: a.m.j.j.bonvin@chem.uu.nl Ó 2006 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/2.0/uk/) which permits unrestricted non-commerical use, distribution, and reproduction in any medium, provided the original work is properly cited. flexibility protein side chains and DNA base pairs were allowed to move in two separate refinement stages. Knegtel et al. (11) developed MONTY which uses a Monte Carlo search allowing for flexibility in both protein and DNA and experimentally determined contacts to drive the docking. The initial position of the protein in the predicted complex should, however, not deviate too much from that of the actual complex; small deviations in the position of the protein with respect to the interaction interface of the DNA resulted in DNA curling around the protein. Tzou and Hwang (12) modelled the CAP-DNA and Rep-DNA systems from the repressors in their bound conformation and canonical B-DNA in a series of molecular mechanics and dynamics simulations using distance restraints derived from a statistical analysis of homologous protein-DNA complexes. This method successfully introduced DNA bending and local opening of the major groove. All of these docking procedures were able to make predictions that were representative of the published complexes in terms of spatial disposition. Only a few methods allowed for flexibility of the DNA and protein side chains during the docking. They, however, required extensive knowledge to position the two components relative to each other (12) and problems were encountered in the absence of such information (11) .
Here we demonstrate that both global and local DNA flexibility can successfully be accounted for in proteinÀDNA modelling using HADDOCK (High Ambiguity Driven DOCKing) (13), a computational docking approach developed in our group. HADDOCK makes use of available experimental and bioinformatics data to drive the docking process (14) . Its successful use in NMR-based structure calculations of protein-DNA and protein-RNA complexes has been shown previously (15) (16) (17) (18) . Global and local DNA flexibility is introduced in the docking by allowing the DNA sugar-phosphate backbone and DNA base pairs to sample conformations during a semi-flexible refinement stage and by starting the docking from a library of pre-generated DNA structures representing various degrees of conformational flexibility. The latter allows for the sampling of a larger conformational space. Flexibility in the protein is introduced as described previously (13) , first along the side chains at the interface and then for both backbone and side chains. We demonstrate here the feasibility of this approach for three repressor complexes in their monomeric form: Cro from bacteriophage 434 (19) , the Lac headpiece of Escherichia coli (20) and Arc from bacteriophage P22 (21) . The first two recognize the DNA major groove via an a-helix/turn/a-helix motif and the last one via a two-stranded antiparallel bsheet motif. To drive the docking we make use of mutation data, sequence/structure conservation, DNA footprinting and ethylation interference data. We show that our approach is successful in predicting protein-DNA complexes from unbound constituents by accounting for both global and local DNA flexibility during the docking.
MATERIALS AND METHODS

Initial structures for protein and DNA
The coordinate files of all proteins and protein-DNA complexes were obtained from the RCSB Protein Data Bank (PDB) (22) . The PDB entry codes of the respective complexes and their unbound components are as follows: 3CRO, crystal structures of the Cro/O1R complex (19) ; 1ZUG, NMR ensemble of the unbound Cro monomer (23); 1LCC, NMR ensemble of the Lac/O1 complex (24); 1LQC, NMR ensemble of the unbound monomer of the Lac headpiece (25); 1BDT, crystal structure of the Arc/DNA complex (26) and 1ARQ, NMR ensemble of the unbound Arc monomer (27) . The monomeric reference structures for Cro and Arc (right halfside) were extracted from the dimeric PDB structures.
Models of canonical B-DNA were constructed with the nucleic acid analysis and rebuilding program 3DNA (28), using the fiber models provided by Chandrasekaran and Arnott (29) . All hydrogens were added according to the standard assigning scheme of CNS followed by a short energy minimization step during the initiation stage in HADDOCK. Base pair and base pair step parameters of the resulting type BII B-DNA starting structures are shown in Table 1 . The DNA backbone torsion angles are a ¼ 309
,
and the sugar pseudo-rotation phase angle (P) ¼ 155 , the sugar pucker was thus in the C2 0 -endo conformation. Custom DNA libraries for the three operator sequences were generated by manipulation of the base pair step parameters of their respective B-DNA structures using 3DNA. The introduction of curvature was accomplished by changing the value of roll using the following equation (30):
where R n is the roll value for each base pair step in one helical turn, n is the number of base pair steps in one helical turn, k is the average curvature for each base pair step in one helical turn and T is the value for twist. The direction of the curvature in Cartesian space can be controlled by changing the phase (q) of the cosine function. The positive linear relationship between the value of the slide parameter and the width of the major groove was used to adjust the major groove width.
Restraints used in the docking
Ambiguous Interaction Restraints (AIR) ( Table 2 ): All active residues have a relative solvent accessibility >50% as calculated with NACCESS (31) . Residues located in the predicted interaction interface or in a continuous stretch of residues near the predicted interaction interface for which no information is available were defined as passive. AIRs for the protein were defined based on sequence conservation [HSSP (32) ] and mutation data. For the DNA only active residues were defined. The recognition sequences of the operators have been determined using DNA-footprinting methods before the experimental structures of the actual complexes became available. This information was used in our docking procedure to define interaction restraints. For those bases shown to be involved in specific interactions with the repressor, only atoms able to interact by hydrogen-bond or non-bonded interactions were defined. Based on ethylation interference experiments, only the oxygen atoms of phosphate groups shown to interact with the repressor were defined as active.
DNA restraints:
In order to preserve the helical conformation of DNA the following restraints were defined: planarity restraints for the purine and pyrimidine rings were introduced, and the sugar pucker was restrained to the C2 0 -endo conformation. WatsonÀCrick base pairs were defined and hydrogen bond lengths of the input structure (either the initial starting DNA conformation or the conformation obtained after semi-flexible refinement prior to water refinement) were measured and restricted to ±0.05 s. In a similar way the dihedral angles of the sugar-phosphate backbone of the input structure (inp) were measured and used as restraints.
, e ¼ e inp ± 10 and z ¼ z inp ± 50 ).
Docking protocol
Our docking protocol consists of (i) rigid-body docking, (ii) semi-flexible refinement stage and (iii) final refinement in explicit solvent. Rigid-body docking. A total of 100 structures were generated for each proteinÀDNA combination from the ensembles of starting structures. Each docking attempt was performed 10 times and the solution with the lowest HADDOCK score was kept. For each protein we used an ensemble of 10 NMR structures; thus 1000 rigid-body docking solutions were generated for each of the three canonical B-DNA docking runs and 5000 structures were generated for each of the DNA library docking runs (5 different pre-bent and twisted DNA structures and 10 protein structures resulting in 50 different combinations). For the docking of the protein and DNA in their bound conformation a total of 1000 structures were generated. Systematic sampling of 180 rotated solutions was used in the rigid-body docking stage to minimize the occurrence of false positives (principles described in Results). This basically doubled the number of docking trials bringing the total to 20 000 and 100 000 evaluations for docking from canonical B-DNA and DNA libraries, respectively.
Semi-flexible refinement. Of all structures generated in the rigid-body docking stage the best 20% based on the HAD-DOCK score were further refined in the semi-flexible refinement stage consisting of three parts: rigid-body torsion angle dynamics (500 MD steps at 2000 K and 500 MD cooling steps to 500 K with a 8 fs time step), semi-flexible simulated annealing stage (1000 MD steps from 1000 to 50 K with 4 fs time steps) with the side chains of the protein residues at the interface and the complete DNA (excluding terminal base pairs) allowed to move and a final semi-flexible simulated annealing stage (1000 MD steps from 300 to 50 K with 2 fs time steps) with both side chains and backbone of the protein residues at the interface and the complete DNA (excluding terminal base pairs) allowed to move. Water refinement. This final stage consists of a gentle refinement (100 MD heating steps at 100, 200 and 300 K followed by 750 sampling steps at 300 K and 500 MD cooling steps at 300, 200 and 100 K all with 2 fs time steps) in an 8 Å shell of TIP3P water molecules (33) .
Semi-flexible segments for the proteins were defined as residues 7-20, 24-37 for Cro, residues 6-30, 50-56 for Lac and residues 1-17, 54-70 for Arc. In all cases the complete DNA, excluding the terminal base pairs, were defined as semi-flexible. Default HADDOCK (version 2.0_devel) parameters were used except for the dielectric constant (epsilon) that was set to 78 for the vacuum part of the protocol. To speed up calculations, non-polar hydrogens were omitted. Inter-and intramolecular energies were evaluated using full electrostatic and van der Waals energy terms with an 8.5 s distance cut-off. OPLSX non-bonded parameters from the parallhdg5.3.pro parameter file (36) were used for the protein.
Topology and linkage parameter files for the DNA were taken from the CNS (37) distribution (dna-rna-allatom.top and dna-rna-allatom.param respectively). The HADDOCK package is freely available to academic users (http://www. nmr.chem.uu.nl/haddock).
Analysis
The r.m.s.d. values of the complexes were calculated using ProFit (A. C. R. Martin, www.bioinf.org.uk/software/profit) All heavy atoms were used to calculate the r.m.s.d. of the total complex, of the DNA and of the interface. The interface was composed of residues 15-44/3-7, 31-37 of Cro/O1R; 6-32/4-10, 13-19 of Lac/O1; and 8-36, 61-89/1-9, 13-21 of Arc/repressor. The backbone r.m.s.d. was calculated using all P and Ca atoms of the complex. Residues in the flexible termini of the protein (having either high B-factors in the X-ray structures or poorly defined in the NMR reference structures) were left out of the calculation. Intermolecular contacts were evaluated using LIGPLOT (38) using a 5 s cut-off. The fraction of native contacts (Fnat) is defined as the number of native intermolecular contacts on a nucleotideresidue basis (hydrogen-bonded and non-bonded) identified in a docking solution divided by the total number of contacts in the reference structure. Values for base pair and base pair step parameters as well as torsion angles for the sugarphosphate backbone and the sugar pucker were obtained using the program 3DNA (28) . The overall bend-angle of the DNA was calculated using CURVES (39) .
Hardware HADDOCK docking runs were performed on a Transtec (Transtec AG, Tubingen, Germany) computer cluster operating with 32, 2.0 GHz, 64 bit Opteron processors. As a measure of CPU requirements, one complete run starting with 1000 structures in the rigid-body docking stage could be performed in $2 h on 32 processors.
RESULTS
Bound rigid-body docking
The use of readily available biochemical and/or biophysical information can alleviate the lack of a general recognition code for protein-DNA interactions. HADDOCK uses this information encoded as AIRs (13) to drive the docking; this reduces the necessary search through interaction space and increases the fraction of unique solutions. In the definition of AIRs we distinguish between active and passive residues. Active residues are defined as those important for the interaction based on conservation [HSSP (32)], mutation or ethylation interference data or any other appropriate experimental data. Passive residues are defined as the solvent-accessible neighbours of active residues (Table 2) .
We first evaluated the use of AIRs in proteinÀDNA docking for the three selected complexes by bound docking (i.e. the reconstruction of the complexes from their separate components). Since the molecules are already in their bound conformation no flexible segments were defined and only rigid-body docking was performed. The best docking solutions for each of the Lac, Arc and Cro repressor in complex with their operators exhibit high similarity with the published complexes based on r.m.s.d. values and intermolecular contacts (Table 3) ; all base-specific intermolecular contacts are recovered.
In the biologically relevant complexes the repressors are bound as dimers that are symmetrically oriented on the two recognition sites of the operator. In this study we use the repressors in their monomeric form (in this form the Arc repressor is a symmetrical dimer). Symmetry in the AIR set and in the shape of the protein-DNA interaction surface can result in false positives: these are structures with a favourable HADDOCK score (weighted sum of several energy terms, see Materials and Methods) but with one of the two components rotated 180 with respect to the published complex. To minimize the occurrence of false positives 180 rotated solutions were systematically sampled during the rigid-body docking stage. For this, a 180 rotation around a vector defined by the centres of masses of the interfaces of the protein and DNA was applied and the resulting conformation again minimized. The solution with the lowest HADDOCK score was kept. Using this approach the amount of false positives after the rigid-body docking stage was reduced from $70 to $40%. In subsequent unbound docking runs including flexibility we selected the best 20% of all solutions from the rigid-body docking stage based on their HAD-DOCK score. Owing to the sampling of 180 rotations this subset contained no false positives for the Cro and Lac repressor/operator complexes (Figure 1) . Because of the intrinsic symmetry of the Arc repressor, 180 rotated symmetrical solutions are similar and can thus not be distinguished. Therefore the problem of rotational false positives does not apply to the Arc repressor. In unbound docking false positives were obtained that correspond to shifted false positives. These are solutions in which the repressor is shifted 1 or 2 bp upstream or downstream of the true interaction surface on the DNA (Figure 1 ).
Unbound semi-flexible docking to B-form DNA
We used the AIR sets to dock an ensemble of NMR structures of the unbound repressors to canonical B-DNA (chosen for it's biological relevance). In contrast to the previous bound docking runs in which only rigid-body docking was performed, we now included flexibility in a semi-flexible refinement stage: side chains and backbone of the protein at the predicted interface and the entire DNA were allowed to sample additional conformations. A set of restraints was imposed on the DNA that allowed for local flexibility but preserved the overall helical conformation (Materials and Methods). The final refined structures were clustered based on their pairwise r.m.s.d. matrix. The best cluster was selected based on the HADDOCK score.
The solutions in the selected clusters appeared to be very similar with respect to the protein and the spatial disposition of the complex but less similar on the level of the DNA conformation. An analysis of the base pair and base pair step parameters of the DNA in the selected clusters revealed a higher variation in buckle, propeller, roll and tilt than in other parameters (Table 1) . Previous studies have also observed a larger variation for these parameters in both free and bound DNA when it is bending and twisting (5, 8, 34, 40, 41) . This is not surprising as buckle, propeller, roll and tilt parameters are less restricted by WatsonÀCrick hydrogen bonds and the conformation of the sugar-phosphate backbone, than is the case with the other parameters. However, their large variation occasionally resulted in an overall loss of B-DNA conformation in the docking solutions as assessed by 3DNA (28). These solutions, however, did not have worse HADDOCK scores than solutions with a smaller variation in the noted parameters. They could, however, in most cases be distinguished by their higher DNA deformation energy. For this we calculated the combined base pair and base pair step deformation energy for every solution in the selected cluster and ranked them according to this energy term (Materials and Methods). The ranked solutions were checked on having a general B-DNA conformation and the best five were selected. This procedure proved successful in selecting solutions that are in better agreement to the published complexes in terms of r.m.s.d. values (Figure 1) .
To assess the effect of flexibility on the docking we compared the top ranking solutions after the semi-flexible refinement stage with their initial conformation after rigid-body docking: the results show a clear improvement in r.m.s.d. from the published structure of the complex and fraction of native contacts (Table 3) . Analysis of the DNA revealed that the backbone torsion angles were all located in the most populated regions as derived from a statistical analysis of non-complexed DNA structures (42,43) (data not shown). Base pair buckle, propeller, tilt and roll parameters, which are at the origin of overall DNA bending and twisting, showed larger differences between the published complexes and the rigid-body docking solutions than after introduction of flexibility (Table 1) . Base pair opening, stagger, stretch and shear parameters and base pair step twist, slide and shift parameters showed little differences. In all three complexes the DNA is slightly bent towards the protein. In this respect tilt rotation is reported to be both statistically and energetically less favourable than roll rotation (44) (45) (46) (47) . This relationship is observed in the published complexes and the top ranking docking solutions as they show smaller variations in tilt than in roll. Statistical analysis of crystal structures has revealed that a positive change in roll is often accompanied with unwinding and negative slide (46, 48, 49) . In our best solutions we also witness that roll is negatively correlated with both twist and slide (Table 1) ; more precisely, twist values <36 are often accompanied with negative sliding in bent DNA. This relation is observed at the interface of the top ranking docking solutions (the central 4 bp steps in Figure 2D-I) . On a global level the distribution of major groove widths over the different base pair steps followed a trend similar to the published complexes (Figure 2A-C) .
Unbound docking from custom-build DNA libraries
The results above show that the introduction of flexibility results in the prediction of a more native-like complex in comparison with rigid-body docking. To account for even larger DNA conformational changes we explored the possibility of using a library of pre-bent and twisted DNA structures as input structures for the docking procedure. Although the DNA in the best clusters of the flexible docking runs starting from canonical B-DNA showed variation on a local level (e.g. buckle, propeller, roll and tilt parameters) the global conformation of all solutions was quite similar. Analysis of the resulting DNA conformations provided information in the form of bend angles and the width of the major groove, which was used to construct custom DNA libraries. For the Cro/O1R complex the major groove width increased from 11.6 s (canonical B-DNA) to 12.5 ± 0.5 s and the DNA adopted a curve towards the protein of 9.4 ± 3.6
. For the Lac and Arc repressors in complex with their operator similar events occur, resulting in major groove widths of 11.3 ± 0.4 and 12.2 ± 0.8 s and curves towards the protein of 11.3 ± 3.8 and 12.9 ± 5.2 , respectively. Based on this information we constructed for each operator five DNA structures that sample values around the averaged major grooves widths and bend angles from the previous docking runs. Docking from these libraries using the flexible protocol described above resulted in solutions with twist and slide parameters as well as major groove widths in better agreement with those of the published complexes ( Figure 2 ). The overall results (Table 3) demonstrate that the use of a custom library of pre-bent and twisted structures improves the prediction structures of the complexes as assessed by r.m.s.d. values, intermolecular contacts and DNA conformation. Only for the Arc repressor/operator complex did the use of a custom DNA library not result in a significant improvement compared to canonical B-DNA docking. The best docking solutions superimposed onto their reference structure are presented in Figure 3 .
DISCUSSION
Our modelling of proteinÀDNA complexes is based on AIRs to drive the docking process. These are essential in successfully positioning the protein at the interface of the DNA and, together with flexibility, influence DNA bending in the semiflexible refinement stage. We used a limited number of easily obtainable experimental data to define the restraints. These were nevertheless sufficient to accurately predict the conformation of the DNA in the complex when starting from canonical B-DNA. This information subsequently allowed us to refine our models by performing docking from a custom-built DNA library instead of canonical B-DNA. This two-stage docking approach significantly improves the conformation of the DNA in the resulting complexes; the protein, however, is less affected and its conformation remains close to the conformation of the respective starting unbound structures.
In this study we did not investigate the effects of a variable number or type of restraints on the docking results. From analogous proteinÀprotein docking studies it is known that the amount of or the ambiguity in the data can influence the reproducibility of the docking. HADDOCK allows the random deletion of a fraction of the restraints for each docking trial to account for errors in their definition, an approach that has proved successful in the past (14) . This option was not used in this study. The AIRs were defined with an upper distance limit of 2.0 s that can affect the packing of the docking solutions. For the Lac/O1 and Arc/operator complexes the BSA was comparable to that of the reference (1496 ± 103 s versus 1560 s and 1990 ± 155 s versus 2072 s, respectively). For the Cro/O1R complex the BSA of the top ranking solutions was larger than that of the reference (1694 ± 52 s versus 1453 s). The tighter packing might contribute to the significant increase in the fraction of native contacts (Table 3) for the Cro/O1R complex, with respect to the other two test systems.
We have demonstrated that the use of readily available non-structural experimental data and the incorporation of DNA flexibility during the docking significantly improve repressorÀDNA complex prediction in comparison to rigidbody docking. The method successfully predicted global conformational changes taking place in the DNA upon complexation. The information extracted from these results is sufficient to refine the models by starting a second docking round from custom-built DNA libraries of pre-bent and twisted structures.
The flexible proteinÀDNA docking approach described in this paper has biological implications since it can benefit studies of protein-DNA interactions at several levels. It can be used to generate models of protein-DNA complexes when the structure of the unbound protein is known and suitable experimental data are available. It is also applicable to study the effects of mutations or different operator sequences on complex formation. In addition, it can assist in experimental structural studies: it can, for example, speed up structure determination of protein-DNA complexes by NMR by providing initial models to guide the tedious NMR analysis and assignment process. In summary, by allowing the inclusion of a large variety of experimental and/or bioinformatics data, together with a flexible description of the DNA, the proposed docking approach should be a useful tool in structural studies of protein-DNA and even protein-RNA interactions provided suitable RNA models are available for the latter.
